patients are considered inoperable due to the predominant distal pulmonary arteriopathy or severe co-morbidities, [3, 4] contributing to most deaths related to this disease. Indeed, 1-and 3-year survival rates among inoperable CTEPH patients were reported as only 82% and 70%, respectively. [5] Despite the development of novel treatments, risk stratification for patients with CTEPH would also be beneficial for determining appropriate treatment strategies and timing. Although some markers have been explored as prognostic predictors in pulmonary hypertension patients, including hemodynamic parameters through right heart catheterization, noninvasive markers of right ventricle size and function, and measurements of exercise capacity using the 6-min walk test (6MWT) and cardiopulmonary exercise testing, [6] [7] [8] [9] whether these prognostic markers can be applied to CTEPH remains unclear. [10] [11] [12] [13] Liver dysfunction is a severe consequence of heart failure due to hepatic congestion. Passive hepatic congestion due to increased central venous pressure (CVP) in patients with right heart failure may cause elevations of both direct and indirect serum bilirubin and gamma-glutamyl transpeptidase (GGT). [14] [15] [16] [17] Indeed, serum levels of transaminase, GGT, and bilirubin have been indicated as prognostic markers for decompensated heart failure. [14, 18, 19] However, to the best of our knowledge, few studies have evaluated the potential role of liver function markers (such as serum levels of transaminase, bilirubin, and GGT) in the prediction of prognosis in patients with inoperable CTEPH. In the present study, the prognostic value of serum levels of transaminase, GGT, and total bilirubin and 6-min walk distance (6MWD) were evaluated in inoperable CTEPH patients during a long-term follow-up.
Methods

Patient population and study design
This study was designed as a prospective cohort study, and the study protocol was approved by the Ethics Committee of Chao-Yang Hospital before its performance. Between June 2005 and May 2013, 126 consecutive CTEPH cases were confirmed to be inoperable. All patients underwent detailed clinical examinations, including one of followings: Ventilation/ perfusion lung scan, computed tomography angiography, and pulmonary angiography. Right heart catheterizations were performed to confirm the diagnosis. The diagnostic criteria for inoperable CTEPH were as follows: (1) Mean pulmonary artery pressure (mPAP) ≥25 mmHg at rest and pulmonary arterial wedge pressure (PAWP) <15 mmHg, (2) ventilation-perfusion lung scanning, computed tomographic angiography or pulmonary angiography showing chronic thromboemboli in the pulmonary artery, and (3) exclusion of other types of pulmonary hypertension. The determination of inoperability was made by two experienced PEA surgeons and one physician. Patients who had predominant distal pulmonary arteriopathy, imbalance between severity of pulmonary hypertension and morphologic lesion, pulmonary vascular resistance (PVR) >1500 dyn·s·cm −5 , age, and severe co-morbidities for PEA were seen as "inoperable CTEPH." [3] Patients were excluded if they met any of the following criteria: History of chronic liver and biliary tract disease, malignancies, and taking chronic hepatotoxic medications or alcohol abuse. The patient inclusion process is shown in Figure 1 . Finally, 77 patients were included in the study, and all provided written informed consent.
Right heart catheterization examination
Right heart catheterizations were done in the Interventional Radiology Department in our hospital using a Philips monitoring system (Shenzhen Goldway Industrial Inc., China). A Swan-Ganz catheter was inserted via the jugular vein to assess the right chambers and pulmonary artery pressures (mPAP, systolic PAP [sPAP], and diastolic PAP) and to obtain oximetry samples. For excluding postcapillary pulmonary hypertension, the PAWP was determined. Cardiac output (CO) was determined by thermodilution and measured 3 times to obtain a mean value. PVR was calculated based on CO, mPAP, and PAWP.
Clinical and biomarker examination
Baseline clinical information including gender, age, height, weight, blood pressure, and respiratory rate was collected. Venous blood samples were collected at the time of initial diagnostic evaluation. All blood samples were drawn from a peripheral vein after an overnight fast. For measurements of the serum concentration of N-terminal of the prohormone brain natriuretic peptide (NT-proBNP), samples were immediately placed on ice and centrifuged at 4°C. NT-proBNP was measured using a chemiluminescence immunoassay by Roche 411 in our core laboratory. Serum bilirubin (including total bilirubin, direct bilirubin, and indirect bilirubin), alanine aminotransferase (ALT), aspartate 
Treatment and follow-up of the enrolled patients
Tr e a t m e n t f o r C T E P H c o n s i s t e d o f r o u t i n e anticoagulation (with the aim of maintaining an international normalized ratio of 2.0-3.0), diuretics, digitalis, and oxygen. Also, 7 patients were treated with sildenafil at the beginning of treatment, and only 3 of these patients continued using sildenafil during the follow-up period. The primary outcome was all-cause mortality, and all patients were followed up until May 31, 2013.
Statistical analysis
Statistical analyses were performed with SPSS version 13 Before performing survival analysis, a receiver operating characteristic (ROC) curve was appointed to determine the bilirubin level that provided the best combination of sensitivity and specificity for predicting the endpoint. The prognostic values of the variables were tested in Cox proportional hazards regression analyses and compared by Wald's test, with the results presented as hazard ratios (HRs) with corresponding 95% confidence intervals (CIs). The candidate variables were first tested in single variable models and were included in the multiple variable model if P < 0.05. Survival curves were derived using the Kaplan-Meier method. A P < 0.05 was considered statistically significant in all analyses.
results
Baseline characteristics of the enrolled patients
The baseline clinical and hemodynamic data of the enrolled patients are shown in Table 1 . Mean follow-up time was 32 ± 20 months. The mean age of the included patients was 57 ± 12 years; 41 (53%) patients were female, and 40 (52%) patients were in the World Health Organization (WHO) functional class III-IV. During the mean follow-up period of 32 months, 22 patients (29%) died. Among these, 21 patients died of right heart failure, and 1 died of hemoptysis. The serum total bilirubin, direct bilirubin, GGT, and NT-proBNP levels of the included patients were above normal levels, whereas the AST, ALT, and UA levels were generally within the normal ranges. Compared with the normal population, our patients were likely to have shorter 6MWD and higher CVP. sPAP, mPAP, and PVR were also remarkably increased in our patients. As shown in Table 2 , compared with survivors of inoperable CTEPH patients, nonsurvivors were more likely to have a higher serum concentration of total bilirubin (32.5 ± 18.7 µmol/L vs. 18.1 ± 11.9 µmol/L, P < 0.05), direct bilirubin (13.0 µmol/L [IQR, 6.2-15.6] vs. 6.8 µmol/L [IQR, 2.24-7.4], P < 0.05), indirect bilirubin (19.0 ± 9.3 µmol/L vs. 11.4 ± 5.7 µmol/L, P < 0.05), and higher CVP (11.8 ± 3.0 mmHg vs. 6.9 ± 3.3 mmHg, P = 0.000). The 6MWD of nonsurvivors was significantly shorter than that of survivors (241 ± 73 m vs. 340 ± 104 m, P = 0.000). ROC analysis [ Figure 2 ] identified a total bilirubin cut-off of 23.7 µmol/L, which had the best combination of sensitivity (77%) and specificity (78%) for predicting mortality. According to this cut-off value, we divided the patients into a high-bilirubin group and a low-bilirubin group [ Table 3 ]. More importantly, patients with high-bilirubin (≥23.7 µmol/L) were associated with worse survival than those with low-bilirubin (<23.7 µmol/L) [ 
Predictors of mortality outcome of inoperable chronic thromboembolic pulmonary hypertension
Cox proportional hazard analyses were performed to determine the predictors of mortality risk by including variables of biomarkers of total bilirubin, ALT, AST, GGT, UA, and NT-proBNP, as well as the hemodynamic and exercises capacity indicators of 6MWD, WHO functional class, CVP, sPAP, mPAP, and PVR. As shown in Table 4 , the univariable analyses showed that increased serum concentration of total bilirubin (HR = 7.755, P = 0.000), elevated NT-proBNP (HR = 1.001, P = 0.001), decreased 6MWD (HR = 0.990, P = 0.000), increased CVP (HR = 1.074, P = 0.040), and higher PVR (HR = 1.001, P = 0.018) were associated with an increased risk of mortality. After adjusting for the interaction of related factors [ Table 5 ], we found that serum concentrations of total bilirubin (HR = 4.755, P = 0.007) Figure 2 : ROC analysis of total bilirubin as a prognostic predictor in inoperable chronic thromboembolic pulmonary hypertension patients. ROC demonstrating that a cut-off for total bilirubin level of 23.7 µmol/L results in a sensitivity of 77% and a specificity of 78% for predicting mortality in inoperable chronic thromboembolic pulmonary hypertension patients. ROC: Receiver operating characteristic curve; AUC: Area under the curve. and 6MWD (HR = 0.994, P = 0.017) were independent predictors of mortality for inoperable CTEPH patients.
dIscussIon
In this study, we found that the levels of serum total bilirubin and performance on the 6MWT were correlated with the severity of disease in patients with inoperable CTEPH. In addition, the total bilirubin level was a strong predictor of poor prognosis for patients with inoperable CTEPH, even after adjustment of a variety of clinical, biochemical, and hemodynamic variables. Our findings may be helpful for the identification of high-risk patients. Moreover, to our knowledge, this was the first study to investigate the relationship between liver function and the prognosis of CTEPH patients. A previous study showed that serum total bilirubin is an independent risk factor for death in patients with pulmonary arterial hypertension (PAH) and suggested that serum bilirubin should be monitored in the management of patients with PAH. [20] The results of our study are consistent with those of this previous study. However, the study population in our study was different from that in the previous study. Moreover, the sample size of their study was relatively small and did not include some markers such as 6MWD and PVR, which had been proved to be important prognostic predictors for mortality. The primary cause underlying higher level of serum total bilirubin in CTEPH patients is congestive hepatopathy caused by right heart failure, and the congestive hepatopathy during this pathologic process, from our point of view, could be explained by the follows: Increased hepatic venous pressure, decreased hepatic blood flow, and decreased arterial oxygen saturation. [21] Elevated CVP caused by right heart failure is transmitted through the hepatic veins and into the small hepatic venules. The effect of this transmitted pressure is passive congestion of the liver with subsequent elevation of hepatic venous pressure, which can further impair the delivery of oxygen and nutrients to hepatocytes, leading to sinusoidal fenestrae enlargement. [15] In our study, we found that the CVP of the high-bilirubin group was higher than that of the low-bilirubin group, which further confirmed the mechanism of congestive hepatopathy in CTEPH patients.
Liver function test (LFT) abnormalities related to congestive hepatopathy are more characteristic of a cholestatic pattern (i.e., increased alkaline phosphatase, GGT, total bilirubin, and hypoalbuminemia). [22, 23] This was also found in the Candesartan in Heart Failure -Assessment of Reduction in Mortality and Morbidity program, which showed that elevated total bilirubin is the strongest LFT predictor for the adverse outcome of cardiovascular death and that bilirubin is superior to transaminases in sensitivity to hemodynamic abnormality in patients. [24] Previous studies proved that GGT and ALP were also closely related to severity and adverse outcome of chronic heart failure, [17, 23] which was not significant in our study. Differences of inclusion patients and severity of the disease may be the reasons of this phenomenon. In our study, we found that total bilirubin was significantly higher in the severe CTEPH group, whereas no differences in serum transaminases between the surviving and nonsurviving patients were detected, which is consistent with this characteristic of congestive hepatopathy. Compared with that of other organs such as kidney, the liver's complex dual blood supply makes it relatively resistant to hepatocyte necrosis from hemodynamic perturbations, and striking transaminase elevations could only be expected in cases of marked hypotension or hypoperfusion, which was confirmed in CTEPH patients in our study. [25] It is well known that bilirubin could be formed when red blood cells die, and their hemoglobin is broken down within the macrophages into heme and globins. In the liver, bilirubin is conjugated with uridine diphosphate-glucuronate, making it water-soluble diglucuronide. Prehepatic (include hemolysis and hematoma resorption), intrahepatic (include alcohol abusing, infectious hepatitis, drug reactions, and autoimmune disorders), and posthepatic (mainly include disorders of biliary tract) conditions all cause hyperbilirubinemia. [26] In our study, we applied exclusion criteria to avoid these confounding factors. The medical history of each patient had been recorded, and anyone who had a history of alcohol abuse, infectious hepatitis, or autoimmune liver disease was excluded. Abdomen ultrasound examinations were performed to exclude active biliary tract disease and chronic liver disease. Urine samples were tested to screen for hemolysis and hematoma resorption.
The present study demonstrated that the 6MWD is also an independent factor that predicts survival of inoperable CTEPH patients. Patients with a longer 6MWD may have better survival than those with a shorter 6MWD. This finding is consistent with the results of a study by Miyamoto et al. in PAH, which also showed that a poor 6MWD is an independent predictor of mortality. [27] Another study also demonstrated that the 6MWD can reflect the clinical and hemodynamic severity of disease in patients of CTEPH before and after PEA. [28] However, the 6MWD varies with the experience of the examiner and the compliance of the examinee. Also, some patients with severe disease cannot finish this test. Such limitations may explain why performance on the 6MWT showed only a weak association with mortality among CTEPH patients in our study.
There are some limitations in our study that should be considered when interpreting the results. First, some related biomarkers that were investigated as prognostic markers in former studies were not evaluated in our study, including levels of alkaline phosphates, albumin, high-density lipoprotein, and heart type fatty acid-binding protein. Second, although mortality was the only endpoint in our study, some patients were hospitalized due to exacerbation or lung transplantation during the follow-up. Therefore, further research is needed to investigate the factors related to disease deterioration. Third, our study found that indirect bilirubin levels were higher than direct bilirubin levels in our patients, which could be explained by hemolysis occurring in the process. However, the precise cause deserves further investigation. Although anticoagulation therapy had been applied for all of the patients, modern PAH target treatments are not routinely administered due to the availability of targeted medications. The relationship between treatments and changes in bilirubin levels requires further investigation.
In conclusion, an elevated serum bilirubin level and a poor 6MWD are powerful prognostic predictors for mortality in inoperable CTEPH patients. Measurements of serum bilirubin and exercise capacity may help to identify high-risk patients and predict their outcome. 
